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Introduction

This paper presents a few observations on single-crystal analvsiz,
based upon experience with the method at the Brookhaven National Lapcratory
reactor during part of the summer of 1952, and a comparison cf neutron and
X-ray scatteringe

The writer is deeply indebted tc Dr. Andrew McRevreld and =iz group
at the Brookhaven National Laboratory for furnisning the compiete facilities
with which the KH,PO4 aralysis was possible, aud continual aid duving the
investigation. Discussions wite Drs. McReynold, L. Coriiss, J. Hastings
and R. Weiss were extremeiy heipfnl° as was correspondence with Drs. Ho Levy

and S. W, Peterson of the Oak Ridge National Laboratory.

Fourier Methods in Neutron Analysis

. i . o
One previous writer "~ has held that Fourier methods will not

be possible for crystal analysis from neutron scattering data because of

=

This discussion is based upon an investigation supported by the Brookhaven
National Laboratory, Upton, Long Island.
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the nature of the nuclear form factors. 'J?hewlis‘J has suggested rthat the
application of a strong artificial temperature correcrion could oversome
this difficulty., Other convergence factofs could also bs used4°5o however,
to provide better approximations to the correct density Gistributions, But
it should be noted that this non-convergence is a prcblem onty for simpie
structures in which most atoms are in special positions. In such caseg
Fourier methods are likely to be unnecessary anywayo As indicated by
Wilson and conwofkersév the Fourier coefficients for random structures
comprised of pointratomslv none of which possess excessively large scat—
tering power, fafi off witn increasing scattering angle; in a manner de-
pending upon the crystal symmeiry. When the effect of thermal esciila-
tions are superposed on this convergence, it can be expected that little
additional convergence factor will be required for complex stryuctures.

This conclusion has been born out very well ip the case of rhe
(hok,0) projection of KH2PO4, single-crystal neutron scattering data for
which was recently collected by B. C. Frazer and tﬁe weiter oo the Brooke
haven National Laboratory reactor. The structure, and'particu]arly the 10,0,12
projection, is actually not a favorable one from the poini of view of 1ne
Wiison statistics. Phosphorus and potassium atoms are in special positions

on the 4-fold axes, and are superposed in the (0,0,1) projectioa. Mono:

theless, the UbSEFVGd's%?@@ig!?,{g&&g§§ fall o ”ﬂigg%éygiast-gﬁlﬂ‘
' sin § - : o

increasing 10 permit computations of excelient Pattersop and Feurier

maps. The Patterson map showed weii-defined negative péaks representing

the vectors between nega;jigiyéégﬁiééfing:hydrbgen_and'pésitiﬁélyéscatyering



P. K .and O nuciei, ‘and wwjlwdeflned pos1t1ve peaks for the ofher interatomic
vectors. Approximate hydrogen positions could be assigned, thes, divectly.
ffBﬁ*the}Rattersonfmgﬁfi.ThekFourierimap for the nuclear dersity distribution
;snggs;ihﬁ:ﬁ 5. oand Tionweleir, and the protons aépgar’in'doubﬁe,mlnlma\between
‘the 0=HdIs's0 bonded. oxygens, with apperently half a praten, op the average,

‘occupying eéch,qf;;he{dpubléd positibgg.' Pattersot-and nucisar density maps

_were ﬁgghqmyf,_w‘uslngkcalcuiixﬁd.ceaiflsTﬁnts,_asaumiﬂg"a a;ngisrﬁ‘minimum

:ﬁétweengauﬂ;b: Loxygens;Tand with temperature-corretted. scattering factors

TS <2

for the P, K and O ‘atoms as, deduged from the Xanay anaiybls oi KH2P04 and a
J

“temperature corrvection for the H-atoms as .found.bv Levy and Pﬁterson 1% NH4CI'

‘These_were in=good. agreément—with the maps utiifziﬁ§j0ps§r?éﬂ"Q§5a;,éxgeﬁn‘

fpr the appearance in the.iztter maps. of the d'ubl;@.iﬁisoxdegéél~EVQfsge#—

.positionSQ

vThe‘sta@isﬁicai;ﬂaﬂvéfaehcé;@£~nehff&hquégxéfi'f
orgless random structures, coupled with the effects of matural thermar oscil
latioh 6f artifiéial“cdnvérgéngéifactors,, thus will evidently permit the
rather genexal use of Fourier nethéﬁs_in neutron Erystaiio aphy, This

permits a muéh'more Optimistic‘¥1ew of the power of the neutron techaique

than has been presented heretofore.

Exampies of Negllg1ble Ini]aen € of th1nct10n

It haS-also been held thaf‘the-effects of ext1nct10n may very
seriousl;-limit the 51°n .;‘cry%+als which® can be used in singte crystal
Conn L i TR : , ,
analyses °_In the case of the hﬂ2P04 study reported sbeus, 'a cyie

drically=ground c-axis crysta! about-3 mm, in diameter and 1 cm, long was
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utilized. The crysial was dipped several times into {iquid witrogen, in
order to carry it back and forth through the ferroelectric twansitinw point
from tetragonal to orthorhombic symmetry. Extinction effects were found to
be negligible. It is questionable whether the lnwiiempeégtyra treatment was
necessary, but it was employed because of the limited time available, which
time would not have sufficed to permit repetition of the measuvrements. The
smallness of the influence of extinction has been reported previously by

«

8
Levy and Petecson, in the case of NH,Cl single crystals .

Phase Determination from Neutron Data

It 1s well known that the chief difficulty in X-ray structure
analysis is the absence of direct information on the phases of the scattered
X-rays. Methods have been introduced, based upon non-negativity and “atom-—
icity™ of the electron distribution, which do permit deduction of some phase

11,12
information ' . . “Marked atom® methods (heavy atoms, with or without iso-

: 13
morphous replacement) have been particularly advantageous

In their first paper on algebraic reiations, Harker ano Kasper]4
pointed out that their phase-determiring conditions were sireng*hensd 1 the
observed crystal structure factors were divided by the valuve for the same
scattering angle of the atomic structure factor for an "average™ type of
atom\in the structure, the “average-atom" factor being corrected for temper.
ature oscillation. The effect of this modification of the sbsevved structnre-
factor amplitudes is to simulate Fourier coefficieats for a point-atom

structure without thermal vibrations; and such point-atom coefficients affcud

the strongest phase-determining conditions. It is unfortunately true that in
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the majority of structures involving different kinds of atowms, rhe structura-
factors for these atoms are not sufficiently similar in form to permit choice
of an “average™ atom which will lead to accurate coefficients for the points
atom structure;-and thus ihere is-introduced into the already complex phase-

detezmination algebra the further complication of inexact data.

It is interesting to note that neutron scattering factors are just

[

hose corresponding to thermally--oscillating point aroms; and thus the only

or=ection needed to reduce the Fourier coefficients to those for a dis-

S
Y

trihuxion_of fixed point-scattezers is to correct {or the iemp:rature effectis,
This can generally be done with much greater accuracy thar is possible in
thé*cozfection;for atomic structure factors, and it must b= done in bhoth
cases {for either nuciear scatterers or electron cloud distributionsi. There-
.forea'ﬁ&utran;$cattering data is more amenable to algebraic phase-determining

methods than is X-ray data.

Marked Atom Methods

The effects on structure analys.s of variation uof neutron scat-

tering power for the various nuclei in the periodic table have been discussed

in several other places. A few such effects should be particularly noted here,
In one sénse the "heavy-atom® method of X-ray analysis is possible to a very
much riore limited extent with neutrons, since the variation of scattering
gross—sections is random throughdut the periodic table, and the coherent scat-
tering cross-sections do not vary much from one eiement to another,  Striking

use of the isomorphous replacement method is possible with replacement of

hydrogen by deuterium. The coherent scattering cross-section here changes



from -0,38 for H to +0.64 for D. The incoherent scattering of H may be
troub:esoms in some cases, although to a very much lesser exteni with single
crystals than in powder diffraction — a: Levy and Peterson8 and others have
pointed ovt, -The small influence of H-atoms upon X-ray scattering is of
course an advantage in many-atom organic structures, where location of non-
Lhydrogen atyms is already difficult and the structures would probably be
impossibie to determine if many hydrogen parameters wouid also have 1o be
established before structure factors could be calculated. In structures
where hydrogen positions are important, the obvious procedure is to determine
non-H atom coordinates with X-rays, and then locate H (or D) atoms with
neutrons,
replacement depends of course upon both chemical and
packirg-size similarities in the replaceable atoms. If enrichec isotopes
were v=adily available, isotopic replacement would be very advantageous
in the cases (including H) shown in Table I. Data for this table and the
discussion bel¢w are from C. Shull and E. O. Wollan, of the Oak Ridge National
Labo:alﬁrylso

Whe:«as replacement of halogens is very useful in the X-ray 1so-
morphous methods, Ci 1s the only outstandingly heavy scatterer among these
for neutrons, S {0,31) and Se (0.89) are good pairs for neutron studies.
Na or K 0,35}, Rb (0,55}, Cs (0.,49) and Tl (0.75) are not as advantageously
different as in the X-ray case; but replacement of NH, by X, Rb, or Tl should
proyide interesting and perhaps useful effects. Ca, Sr and Ba are not suf-
ficently different to be uéeful irn the neutron case. Ti {-0,38) and Zr (+0,62)

are an extremeiy good pair for the isomorphous replacement methed.



Table I.

Isotopes for Use in Isomorphous Replacement Method

Isotope Scatterigg factor
XIO— Cie
Iy ~0,38
Dor
H=D +0.65
i G.7
T -0.25
Li® ~0.18
Ca” 0.49
44c, 0.18
Hpe 0.42
96pe 1.0l
57
Fe V.23
. \
Fe 0.96
[~
By 1.44
60
Ni 0.30
6254 0.07
%
Ni 1.03
107
Ag 0.83
199 0.43
Ag” 0.61

-3
in natural abunpdance ratio



Scattering with rejative phase occurs for ll, 7Li and Li in natural
abundance ratio, Ti, Mn, and 62Ni. As in the case of the KH2P04 Patterson
map, vectors between positive ard negative scattering centers will appear
in the Pattersons as neyative peaks; all other interactions produce positive
peaks. The aid which this provides in identification of the atoms responsible
for the peaks is obvious.

It must of course be borne in mind that the algebraic relations in
X~ray anealysis which depend upon non-negativity of the distribution of scat-
tering material will not apply without modification when negative scattering
centers are present in the neutron case. Boundedness of the function can
however be utilizedlb; and when the positioa of negative scatterers is known
but the distribution of other nuclei is not yet established, a set of
Fourier coefficients for the negative scatterers alone can be computed,
and these can be subtracted from the corresponding coefficients for the com-

plete crystal. Relations arising from non-negativity can then be applied.

Conclusions

Neutron diffraction has been regarded by some workers as a supple-
ment to X-ray methods, to be used chiefly for structure retinement or loca-
tion of light X-ray scatterers among heavy scatterers. There are cases,
however, where neutron methods should provide more direct approaches to an
unknown structure from the outset. Although it has been stated that Fourier
methods will not be possible with neutrou data, it is demonstrated both ex-
perimentally and theoretically that this is not true in cases where such
methods will really be advantageous — i.e., for structures where the atoms

are for the most part not in special pcsitions.
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